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处理下与 Al 处理相比根尖颜色明显变淡。说明根结合 Al 减少，Ca 能竞争性抑
制 Al 与根细胞的结合。 
（3）在 CK、Ca、Al、Al+Ca 四个处理组 2-DE 胶上总共检测出约 2500 个
点，分别进行以下比较：CK&Al、Al+Ca&Al、Al+Ca 与 Ca 比较抑制表达，得
到 133 个表达量变化显著（>2 倍）的蛋白点，通过质谱分析及数据检索，鉴定























苹果酸脱氢酶、琥珀酸脱氢酶、ATP 合成酶 α亚基、线粒体 F1-ATP 合成酶 β亚
基；与细胞转运相关的蛋白质包括液泡 ATP 合成酶 A 亚基（VHA-A）；与信号
转导及细胞防御相关的蛋白质主要包括 TTL1、热休克蛋白 70（HSP70）、
ethylene-insensitive3（EIN3）、谷胱甘肽转移酶 6、19；与转录、翻译、修饰、辅



























Recent years, acid rain has become a major worldwide environmental issue. It 
accelerates the acidification of soils, and then makes Aluminum dissolve into soil in 
various ionic forms, toxic to plants. Now, Aluminum has been a major factor limiting 
plant growth in acid soils worldwide. 
Calcium plays a vital role in plant growth. Many studies show that Calcium can 
ameliorate the Aluminum toxicity, but the mechanism is still unknown. Many 
researches had concentrated on the displacement mechnism of Calcium and 
Aluminum, as well as the physiological aspects, but in protein and molecular field it’s 
almost blank. This experiment is aimed to get the comprehensive differently 
expressed proteins to study the Calcium ameliorating mechanism in Arabidopsis 
thaliana root under Aluminum stress using comparative proteomic methods. The main 
results are shown as follows: 
(1) As the Aluminum concentration increases, all the index: leaf area, chlorophyll 
content, root length, dry weight of shoot and root decrease to some extent. These 
results showed that Aluminum inhibited the growth of Arabidopsis seedling. As the 
Calcium concentration increases, the Aluminum-induced toxicity is ameliorated. The 
proper concentration of CaCl2 is more than 5 mM. 
(2) The roots stained with hematoxylin showed that Calcium could displace 
Aluminum to bind with root cell. 
(3) A total of 2500 spots were detected in four gels: CK, Ca, Al, Al+Ca, and then 
after the following comparision: Al&CK, Al+Ca&Al, suppressed in Al+Ca compared 
with Ca, 133 differently expressed spots were detected, 86 out of them (65%) were 
identified. These 96 identified proteins were classified as 8 categories based on their 
biochemical functions. A majority of these proteins were metabolism, energy and 
transport, followed by cell rescue, transcription, protein synthesis, folding and 
modification related proteins, a large portion was also represented by transduction and 
cofactor . 
(4) Metabolism and energy related proteins mainly included cinnamyl-alcohol 
















(ATMS1), glutamate-ammonia ligase, argininosuccinate lyase, fructose-bisphosphate 
aldolase, phosphopyruvate hydratase, citrate synthase, similar to NADP-specific 
isocitrate dehydrogenase, isocitrate dehydrogenase subunit 2 (IDH2), aconitase 
C-terminal domain-containing protein, isocitrate dehydrogenase-like protein, malate 
dehydrogenase, succinate dehydrogenase, ATP synthase subunit alpha, mitochondrial 
F1 ATP synthase beta subunit; transport related proteins mainly included vacuolar 
ATP synthase subunit A (VHA-A); transduction and cell rescue related proteins 
mainly included TTL1, heat shock cognate protein 70-1 (HSP70), ethylene-insensitive 
3 (EIN3), Glutathione S-Transferase 6, 19 (GST6, 19); transcription, translation, 
modification and cofactor related proteins mainly included elongation factor 
1B-gamma, leucine aminopeptidase 1, BIGYIN. 
(5) Our comparative proteomic analysis of the function and volume change of 
identified proteins revealed a preliminary Calcium ameliorating Aluminum stress 
mechanism in Arabidopsis. First, Calcium regulated cell wall components, cellulose, 
hemicellulose and lignin, related enzymes differently expressed, thus alleviates the 
Al-induced plant growth inhibition; a large-scaled organic acid biosynthesis related 
proteins involved in TCA, glycolysis, amino acid metabolism were identified, 
suggesting that exudation of organic acid plays a vital role in ameliorating Aluminum 
stress; it’s also possible that Calcium modulates the concentration of cytosolic free 
Ca2+ through glutamate-gated Ca channel and VHA-A; ABA and ethylene related 
proteins were also identified, implying they may participate in the transduction 
pathway of Ca alleviating Al stress. 
 
 
















第 1 章 前 言 
1.1 铝对植物的毒害及植物抗铝毒机理 
1.1.1 铝的存在形态 




































根冠脱落[ , ]5 6 。有研究表明，铝毒下植物的侧根会变多、密、短而且脆弱，也会









存在于细胞的共质体中[ ]9  。对铝最敏感的是位于细胞分裂活跃带和细胞快速伸
长带之间的过渡带[ ]10 ，铝不仅抑制对根顶端的细胞伸长，而且在几分钟内就抑制


















子的活性[ ]5 。低pH或AlCl3处理会导致液泡膜出现强烈的去极化作用[ ]18 ，这种作












































色质的双螺旋，导致了解链的困难，降低模板的活性[ ]27 。 
















花生中毒严重时根系、地上部分含水量都明显下降[ ]28 。 
铝胁迫能使水稻、玉米、松树叶片中叶绿素a和b的比率下降，叶绿素总量下



















Brevor 分泌的量高。Miyasaka等[ ]36 研究发现，耐铝菜豆品种（Phaseolus vulgaris）


















第 1 章 前言 
明、玉米、小黑麦为代表，这类植物对铝胁迫的反应有一明显滞后期，一般需铝
处理数小时后才有明显的有机酸分泌。研究发现，Al3+能够激活小麦质膜阴离子


















尖的屏障等来缓解铝的毒害[ , ]46 47 。 
酚类代表包括生物碱、类黄酮、萜类化合物和配糖类在内的一大类植物化合
物，不仅对铝有螯合作用，同时在植物非生物胁迫响应中起到强抗氧化剂的作用，





[ ]2 。这个结果来自于对铝累积植物地上部的研究 [ ]48 ，绣球花（Hydrangea 
macrophylla）是一种观赏植物，当土壤酸化时，花萼的颜色由红变蓝，这种变化















（3-caffeolylquinic acid）形成一种蓝色的复合物引起的。Ma等[ ]49 研究表明，绣
球花（Hydrangea macrophylla）叶子中累积的铝可以超过 3000 µg·g-1DW，叶子
中的铝主要以Al-citrate（1:1）复合物的形式存在。在共质体内的pH接近中性条
件下，Al-citrate（1:1）的稳定常数比较高，有效地降低了细胞液中铝的活性，阻
止了铝与敏感的细胞化合物的结合，达到解毒的目的。Ma等[ ]41  还研究了另外一
种铝累积植物荞麦（Fagopyrum esculentum）。荞麦的耐铝一部分是由于根尖分泌
草酸，但是叶子中也累积很高水平的铝，当生长于酸性土壤中时，叶子中铝的含






布表明 80%的叶片总铝是以 1:3 的Al-oxalate形态储存在液泡中。这些结果表明荞
麦叶片中铝的内部解毒机制是通过与草酸络合及液泡的分室作用而实现的。
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